Although stem cells are generally thought to be resistant to oxidative stress, the fact and in detail molecular mechanism are still to be clearly identified. We herein tried to understand the overall characterization of redox regulatory signaling in hematopoietic stem cells. We purified c-kit-positive hematopoietic stem/progenitor cells from the bone marrow of healthy mice, and then evaluated their redox regulatory property. Compared to the c-kit-negative matured mononuclear cells, c-kit-positive stem/progenitor cells showed lower basic levels of intracellular reactive oxygen species, faster clearance of the accumulated intracellular reactive oxygen species, and higher resistant to oxidative stress. An overall view on the gene expression profile associated with redox regulation showed to be widely differed between cell types. We confirmed that the c-kit-positive stem/progenitor cells expressed significantly higher of Nox1and catalase, but less of lactoperoxidase than these matured mononuclear cells. Our data suggests that stem cells keep specific redox regulatory property for defensing against oxidative stress. Urata Y. et al.
Introduction
Adult stem cells have widely been identified in different tissues/organs, and known to persist throughout the lifetime for maintaining the homeostasis of organism, including the physiological turnover and the repair/regeneration in case of damage [1] . Several instructive genetic mouse models have recently demonstrated the unique susceptibility of stem cells to perturbations in metabolic or redox homeostasis [2] [3] [4] . In contrast, many recent studies have found that these adult stem cells likely to be highly resistant to various stresses, including oxidative stress [5, 6] . Considering the critical roles in maintaining the homeostasis of organism for long-term lifetime, stem cells are generally thought to be specialized in their redox regulatory signaling for defensing against endogenous and exogenous damages/stresses. However, the sensitivity and in detail molecular mechanisms on oxidative resistance of stem cells are still to be clearly identified in comparison with these matured tissue cells.
Reactive oxygen species (ROS) are generally known to play as either physiological or pathological roles in different types of cells [7] . Appropriate ROS levels are required for physiological cellular functions and maintaining genomic stability, but excess accumulation of ROS may induce oxidative stress to damage the cells [4, 8, 9] . It has been reported that hematopoietic stem/progenitor cells have relatively low level of endogenous ROS when compared with their mature progeny [10, 11] , which seems to play critical roles in maintaining the quiescence and ''stemness'' [12, 13] , because the increase of ROS level could induce the proliferation, differentiation, and maturation of stem cells [14, 15] . The relatively low ROS level in stem cells likely to associate with the up-regulated expression of numerous enzymes and multiple glutathione-independent antioxidants [16] . Functional loss of redox regulatory relevant genes, such as FOXO3a and Mdm2 has been found to contribute an increased intracellular ROS levels and the self-renewal defection of hematopoietic stem cells in animal models [17, 18] . However, the property on redox regulatory signaling in stem cells has not yet been well understood.
By a directly comparison on the redox regulatory property in the purified c-kit + hematopoietic stem/progenitor cells with that of the c-kit -matured mononuclear cells from bone marrow of healthy mice, we tried to uncover the overall characterization on redox regulatory signaling in stem cells.
Materials and methods

Animals
We used 12-week-old male C57BL/6 mice (SLC, Japan) for the present study. All experiments were approved by the Institutional Animal Care and Use Committee of Nagasaki University, and experiments were performed in accordance with the institutional and national guidelines.
Separation of c-kit + stem/progenitor cells and c-kit -matured mononuclear cells from bone marrow
Bone marrow cells were collected from the femur and tibia of healthy mice. The bone marrow mononuclear cells (BM-MNCs) were isolated by density gradient centrifugation [19] . The freshly collected BM-MNCs were then incubated with anti-mouse CD117 (c-kit) antibody (Miltenyi Biotec) for 30 min [19] . After washing, the c-kit + stem/progenitor cells and c-kit -matured mononuclear cells were separated by using the Magnetic Cell Sorting system (autoMACS, Miltenyi Biotec, Auburn, CA).
The purity of the c-kit + cells was around 90%, and the viability was more than 99%.
Detection of intracellular ROS levels
To measure the intracellular ROS levels, the freshly purified c-kit + cells (n=5) and c-kit -cells (n=5) from different mice were seeded on 96-well culture plate at a density of 1×10 4 cells/well in 100 µl IMDM 1640 medium supplemented with 10% fetal bovine serum (HyClone) and incubated at 37°C in 5% CO2 for 12 hours. Cells were then incubated with 10 µM CM-H2DCFDA (Molecular Probes Inc.), at 37°C for 30 minutes [20] . After washing, the fluorescence intensity in each well was measured 
Western blotting
The expression levels of SOD1, SOD2, and catalase were measured by Western blotting using Mini-PROTEAN ® Tetra Cell and Trans-Blot ® Turbo™ Transfer System (BIO-RAD) according to the instruction manual. Briefly, the total proteins purified from the c-kit + and c-kit -cells were separated by SDS-PAGE gels, and then transferred to PVDF membranes. After blocking, the membranes were incubated with primary antibodies against SOD1 (500-fold dilution, Santa Cruz Biotechnology, Inc.), SOD2 (500-fold dilution, Santa Cruz Biotechnology, Inc.), catalase (500-fold dilution, Santa Cruz Biotechnology, Inc.), or β-actin (5000-fold dilution, Sigma-Aldrich), followed by the appropriate horseradish peroxidase-conjugated secondary antibodies. The expression was visualized using an enhanced chemiluminescence detection kit, and semi-quantitative analysis was done by measuring the density of bands using ImageQuant LAS 4000mini (GE Healthcare Life Sciences).
Statistical analyses
All results are presented as the means ± SD. The statistical significance among groups was determined by one-way analysis of variance (ANOVA) followed by post hoc test, but statistical significance between two groups was done by unpaired t-test (Dr. SPSS II, Chicago, IL). Differences were considered significant when p<0.05.
Results
Different intracellular ROS level and oxidative stress resistance between c-kit + and c-kit -cells
The basic intracellular ROS levels in c-kit We also investigated the survival of cells after oxidative stress stimulation. We found that the stimulation with either 50 or 200 μM H2O2 significantly induced more cell death and apoptosis of c-kit -cells than that of c-kit + cells (Fig. 2) , suggested a higher oxidative stress resistance of c-kit + stem/progenitor cells in compared with their mature progeny of the c-kit -mononuclear cells.
Expression of genes involved in antioxidants and ROS metabolism
By pathway focused PCR array analysis, we widely compared the expression of genes involved in antioxidants and ROS metabolism between the c-kit + and c-kit -cells (Supporting information Table 1 ). The top 20 genes that up-or down-regulated were presented in Figure 3 (Fig.   3A) . We noticed that some genes involved in superoxide metabolism, including Nox1 and Noxa1, were up-regulated in the c-kit + stem/progenitor cells. However, the expression of genes associated other peroxidases, including the LPO, was down-regulated in the c-kit + stem/progenitor cells. We have also confirmed these data by semi-quantitative RT-PCR analysis (Fig. 3B) .
Expression of antioxidant enzymes of SOD1, SOD2, and catalase
Western blot analysis showed that the expression of antioxidant enzymes of SOD1 and SOD2
did not significantly different between the c-kit + stem/progenitor cells and the c-kit -matured mononuclear cells (Fig. 4A, B) . However, the expression of catalase was significantly higher in the c-kit + cells than the c-kit -cells (p<0.01, Fig. 4C ).
Discussion
Although ROS can serve as critical signaling mediators and antimicrobial host defenses [7, 21] , the excessive accumulation of ROS is generally known to induce the cellular damage that eventually lead to aging, cardiovascular diseases, inflammation, and carcinogenesis [22] . To protect against oxidative stress-induced injuries, all mammalian have been developed powerful antioxidant mechanisms for maintaining redox homeostasis. Therefore, the understanding on the complex network of redox regulation will be helpful for the prevention and treatment of various diseases and disorders.
As the small population tissue-specific stem/progenitor cells has been well recognized to play critical roles in carcinogenesis and the repair/regeneration of damaged tissues [1, 21, 23, 24] , redox regulation signaling in stem cells warrants specific attention in the past decade. A number of recent studies have reported the important role of redox homeostasis in regulating the self-renewal, differentiation, and genomic stability of stem cells [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It has demonstrated that moderately high H2O2 levels promote the differentiation of hematopoietic progenitors through JNK and FOXO activation [13, 14] . We have also recently found that ROS likely plays dual roles in the genomic stability of stem cells [8] , of that, a physiological level of ROS is required for effective DNA repair, but high ROS induces DNA damage. However, the characterization of redox regulatory property in stem cells has not yet been well understood.
In this study, we tried to investigate the redox regulatory property in the c-kit + stem/progenitor cells by directly comparison with the c-kit -matured mononuclear cells from the bone marrow of healthy mice. Agreed well with previous study [10] , the basic ROS level in c-kit + stem/progenitor cells was detected relatively lower than the c-kit -matured mononuclear cells. Although the stimulation with H2O2 increased the intracellular ROS levels to a comparable levels in both of the c-kit + and c-kit -cells, these c-kit + stem/progenitor cells showed a faster clearance of accumulated ROS. This provides a reasonable explanation to the higher resistant to oxidative stress. Therefore, it would be critical to understand how the stem cells were metabolically differed from the more differentiated cells.
By screening the expression of genes involved in antioxidants and ROS metabolism, we found that the gene-expression profiling was widely varied between the c-kit + and c-kit -cells. Our data showed that the c-kit + stem/progenitor cells were highly expressed with Nox1 and Noxa1 than the c-kit -mononuclear cells. Redox homeostasis is known to be regulated by a number of oxidases, among which the plasma membrane NADPH oxidase (NOX) is recognized to be one of the major players [15] .
Previous study has demonstrated that bone marrow derived hematopoietic stem cells express the catalytic subunits of Nox1, Nox2, and Nox4 isoforms of the NADPH oxidase family along with the complete battery of the regulatory subunits of Noxo1 and Noxa1, which contribute to produce constitutively low levels of ROS [25] . It has been suggested that the existence of different types of ROS-generators might provide a fine mechanism of tuning redox signaling to control the delicate balance between cell growth, proliferation, and differentiation of hematopoietic stem cells [26] . This provides reasonable explanation on the higher expression of Nox1 and Noxa1 in these c-kit + hematopoietic stem/progenitor cells than the matured c-kit -mononuclear cells.
Interestingly, some genes involved in antioxidants and ROS metabolism, such as lactoperoxidase (Lpo), was largely down-regulated in the c-kit + stem/progenitor cells. The Lpo is functionally known to play a key role in the innate immune defense by oxidizing thiocyanate into hypothiocyanite [27] , which serve to kill the bacterium and fungi. Therefore, the relatively lower Lpo in the c-kit + stem/progenitor cells from bone marrow more likely due to the specificity of enhanced Lpo expression in the matured c-kit -mononuclear cells for immune defense, rather than the down-regulation of Lpo in general in stem cells.
Peroxiredoxin 1 (Prxd1), an antioxidant that well known to protect cells from metabolically produced ROS, was also down-regulated in the c-kit + stem/progenitor cells. It has recently been reported that the incubation of Prxd1 with immature bone marrow-derived dendritic cells resulted in TLR4-dependent secretion of TNF-alpha and IL-6 and dendritic cell maturation, suggest that Prxd1 may act as danger signal similar to other TLR4-binding chaperone molecules such as HSP72 [28] .
Similarly, the relatively lower expression of Prxd1 in c-kit + stem/progenitor cells may also simply due to the highly expression of Prxd1 in the matured c-kit -mononuclear cells, rather than in general from the view of stem cell biology.
In conclusion, c-kit + hematopoietic stem/progenitor cells likely resistant to oxidative stress when compared with the more differentiated c-kit -mononuclear cells in bone marrow. Although widely different in the expression of genes involved in antioxidants and ROS metabolism was detected between two cell types, it is still required to understand the significance of redox regulatory property in stem cell biology.
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